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ABSTRACT
This paper contains the modeling of a bipolar transistor's noise sources
and the derivation of the minimum detectable signal (MDS) as the sum of
thermal and shot noise. The MDS is used to measure the noise
performance of a circuit because it lends itself to understanding which
noise generators dominate the noise performance.
This paper discusses the fundamentals of noise theory and
illustrates the effects of the design parameters on the minimum detectable
signal and the more commonly used measure of noise performance, noise
figure. It presents which parameters have the most prominent effect on the
noise performance and how to design such low noise amplifiers.
Thesis Supervisor: Doctor Chathan Cooke
Title: Principal Research Engineer
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Chapter 1
INTRODUCTION TO
LOW NOISE THEORY
1.1 The Noise Problem
Sensors, detectors, and transducers measure characteristics of the real
world. Their measurements are converted into weak electrical signals that
have to be amplified before they are processed. During the measurement
process, the sensor adds unwanted noise to the signal. This leaves the
engineer with the task of designing an amplifier that will maximize the
signal level while contributing a minimum amount of noise.
Noise in semiconductor amplifiers is a problem because it degrades
the signal-to-noise ratio as it amplifies its input. This noise is often denoted
by a quantity known as the "noise figure", expressed in decibels (dB).
However, this quantity does not lend itself as a straightforward approach to
optimizing the "Optimum Low-Noise Amplifier" problem.
To better understand the needed tradeoffs and design issues, this
paper includes a more exhaustive analysis via the minimum detectable
signal. This approach facilitates the analysis of noise contributions to
signals in semiconductor amplifiers, specifically with bipolar junction
transistors.
1.2 Measures of Noise Performance
The most important issue in this design is noise. Noise can be defined as
any unwanted disturbance that obscures or interferes with a signal
(Motchenbacher & Fitchen, p. 7). Noise in a transistor amplifier can be
quantified by its minimum detectable signal or its noise figure.
1.2.1 Minimum Detectable Signal
This paper is concerned with optimizing the noise performance of a
transistor amplifier. The significance of noise performance of an amplifier
is the limit it places on the smallest input signals that it can amplify before
its noise degrades the quality of the output. The noise performance is
usually expressed in terms of an equivalent input noise signal, which when
applied to an identical but noiseless amplifier, gives the same output noise
as the noisy circuit. This way, the equivalent input noise can be compared
to incoming signals and the effect of the noise on input signals can be easily
determined (Gray & Meyer, pp. 735-6).
The equivalent input noise is found by calculating the total rms
output voltage of the circuit with no input, and dividing it by the amplifier
gain. If no special filtering or coding techniques are used, the minimum
detectable signal is equal to the equivalent input noise voltage within the
passband of the amplifier (Gray & Meyer, p. 737).
1.2.2 Noise Figure vs. MDS
A traditional figure of merit for an amplifier with respect to noise is its
"noise figure", also known as the noise factor. According to IEEE
standards, the noise factor of a device is the ratio of the available output
noise power per unit bandwidth to the portion of that noise caused by the
actual source connected to the input terminals of the device, measured at
the standard temperature of 2900K (Motchenbacher & Fitchen, p. 34).
Another definition of the noise figure is the signal to noise power
ratio at the amplifier input divided by the corresponding ratio at the output.
This can be expressed is decibels (dB) as
NF = 1010 log (S/N)N
(S/N)oUTI
This approach to noise analysis indicates that decreasing the noise at
the output improves the noise figure of a noisy amplifier, although it does
not provide any insight as to how to actually achieve the noise reduction.
On the other hand, the minimum detectable signal (MDS) approach
offers a detailed analysis of all noise sources and the circuit topology to
establish the total noise on a component by component basis. This facilitates
a more detailed prediction of the noise performance of the circuit.
1.3 Project Goals
This thesis is concerned with understanding the sources of noise in bipolar
junction transistor amplifiers. Also, the factors that influence the
minimum detectable signal and noise figure will be identified so that a
circuit designer can optimize a transistor amplifier design for the
minimum detectable signal. In this paper, three preamplifier designs will
be discussed as examples of low-noise methodologies. The preamplifier's
role is to raise the signal level with minimal additional noise so that when
connected to a low noise operational amplifier, such as National
Semiconductor's CLC425 1, optimum overall noise performance is achieved.
1 The CLC425 has a 1.9 GHz gain-bandwidth product, 1 nVI/Hz, and 1 pA/4Hz
Chapter 2
BIPOLAR JUNCTION TRANSISTOR
NOISE FUNDAMENTALS
Noise is present in all semiconductor devices. It exists due to Brownian
motion of carriers in conductors, generation and recombination of carriers
in, the surfaces of semiconductors and the fact that a dc current is not
continuous, but rather the sum of pulses of current.
This chapter briefly discusses noise theory, and relates the theory to
the noise sources in the bipolar junction transistor noise model.
2.1 Noise Theory
There are three main types of noise mechanisms: thermal noise, shot noise
and flicker (1/f) noise. All of these are found in transistors and they are
associated with physical processes in materials.
2.1.1 Thermal Noise
Thermal noise is due to the random thermal excitation of electrons in
semiconductors at all temperatures above absolute zero. This excitation,
similar to Brownian motion of particles, is dependent on temperature.
Since each electron carries a charge of 1.6 x 10-19 C, there are small current
surges in the material generated when the electrons move. Although the
average current that results from these transitions is zero, there is an
instantaneous current that will generate a voltage across the terminals of
the conductor (Motchenbacher & Fitchen, p. 10).
The amplitude of the noise voltage can range from very small to very
large values and its exact value at any moment in time cannot be predicted.
Therefore, thermal noise cannot be measured as peak voltages and its root-
mean-square (rms) value is used to quantify it. The open-circuit thermal
noise voltage of a resistor is given by
Eth = 4kTR
where Eh, is in units of Volts squared per Hertz, k is Boltzman's constant,
T is the absolute temperature in degrees Kelvin and R is the value of the
resistor in Ohms (Hardy, p. 2). The above thermal noise density is constant
up to infrared frequencies, where quantum effects cause it to drop
(Lundberg, p. 10).
Resistors made from composition carbon also exhibit a phenomenon
known as excess noise, in addition to thermal noise, when a dc current is
present. Excess noise arises from the fact that current does not flow evenly
in a carbon resistor and exhibits a 1/f noise spectrum. This makes carbon
resistors unsuitable for use in low noise applications and instead,
wirewound resistors, which usually do not exhibit a significant amount of
excess noise, are a better choice (Motchenbacher & Fitchen, p. 18).
2.1.2 Shot Noise
Shot noise is present in vacuum tubes, diodes and transistors. It is due to
the fact that current flowing in these devices is not smooth and continuous,
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but it is the sum of pulses of current across a barrier such as the cathode
surface in vacuum tubes and pn-junctions in diodes and bipolar
transistors, caused by the flow of carriers, each carrying 1.6 x 10'1 C of
charge (Motchenbacher & Fitchen, p. 21).
This pulsing flow is a granule effect, and the variations are the cause
of shot noise (Lundberg, p. 10). The mean-square value of shot noise is
observed to be given by
I2 = 2q1
where I2h has units of Amps squared per Hertz, q is the electronic charge,
and I is the dc current flowing in the device (Motchenbacher & Fitchen, p.
21).
The expression above is valid in the useful frequency range of the
device and up to frequencies close to 1/T, where - is the transit time through
the barrier (Lundberg, p. 10).
2.1.3 Flicker Noise
The spectral density of 1/f or low frequency noise increases without bound
as frequencies decrease. It has received the name flicker noise from the
"flicker effect", which was the flickering effect observed in the plate current
of vacuum tubes (Motchenbacher & Fitchen, p. 19). The major cause of 1/f
noise in semiconductor devices can be found in the properties of the surface
of the material. The generation and recombination of carriers in surface
energy states and the density of these energy states are important factors.
This occurs at interfaces between silicon surfaces and grown oxide
(Motchenbacher & Fitchen, p. 19). The mean square flicker noise in a device
is
2 2qlfLfl f
where I2 has units of Amps squared per Hertz, q is the electron charge, I
is the dc current flowing in the material, f is the frequency in Hertz, and fL
is a constant depending on the type of material and its geometry (Lundberg,
p. 11). This constant can vary by orders of magnitude from one device to the
next or it can vary widely for different transistors. Therefore, multiple
measurements are made and an average fL is computed then this value is
used to predict an average or typical flicker noise performance for that
device (Gray & Meyer, p. 722). Fortunately, current surface treatment in
device manufacturing has decreased flicker noise to an insignificant level
(Lundberg, p. 11).
2.1.4 Noise Bandwidth
Noise bandwidth is not the same as the 3-dB bandwidth that is more
commonly used. The 3-dB bandwidth is defined as the frequency span
between half-power points, while the noise bandwidth is the frequency span
of a rectangularly shaped power gain curve equal in area to the area of the
actual power gain versus frequency curve (Motchenbacher & Fitchen, p.
13). Since the power gain is proportional to the voltage gain squared, the
noise bandwidth can be expressed as
Af fI A (f)l df
., °.,
where AV is the voltage gain as a function of frequency and Avo is the
midband voltage gain (Motchenbacher & Fitchen, p. 14).
Considering an amplifier with a single-pole frequency response
given by
Av (f ) Avo
1+j
f3dB
where fB is the 3-dB frequency, the noise bandwidth can be calculated as
1.57f, . In summary, a circuit with the above voltage gain will produce
noise as if it had an abrupt band edge at 1. 5 7f3dB (Gray & Meyer, p. 770).
2.2 Noise Sources
In this section, the noise model and the noise sources in a bipolar junction
transistor small signal model are presented.
2.2.1 Noise Model
The hybrid-pi model including its noise sources is shown below. They arise
from separate, independent mechanisms, therefore the noise sources are
independent of each other (Gray & Meyer, p. 726).
base rb c ir co tcllector
Eb
lb 9 .ro .IC
I
emitter
Figure 2-1: The hybrid-pi model of the bipolar transistor with noise sources
2.2.2 r Noise
The resistors r,, and ro are fictitious resistances that are used for modeling
purposes. Therefore, they do not contribute any noise. However, the
transistor base resistor, rb is a physical resistor and as such it has thermal
noise given by
E=- 4kTrb
This is modeled as a voltage source of Eb in series with rb.
2.2.3 Ib Noise
The base current, IB, flows in a transistor due to recombination in the base
and base-emitter depletion regions and also due to carrier injection into the
base from the emitter. All of these processes are independent, therefore the
base shows full shot noise. This is modeled as a current source in parallel
with c, and r, with mean-squared value
I2 = 2qI.
Also, flicker noise has been experimentally found in the base and in the
noise model, it is a current source across the base and emitter terminals
which can be combined with the shot noise generator Ib The flicker noise in
the base is given by
=2 2qfLIB
f f
in Amps squared per Hertz.
2.2.4 1 Noise
When a bipolar transistor is biased for forward-active operation, minority
carriers that enter the collector-base depletion region are swept into the
collector by the field existing there. The arrival of the carriers at the
collector-base junction is a random process, so the collector current is a
result of the sum of the current pulses that result when each carrier
crosses the region. For this reason, collector current exhibits shot noise,
which is represented in the model as a current source in parallel with the
output resistance, ro, of the transistor. The mean squared collector current
shot noise is
-= 2qIc
where Ic is the de collector current.
2.3 Noise Components of the Minimum Detectable
Signal
All of the noise components discussed in the previous sections can be added
together to yield the minimum detectable signal (MDS) for a common-
emitter topology. The MDS, as derived in Appendix B, can be expressed as
4kT 2 4kT 2 G +2 2 qiZ2(Grb + 1)2 +mds Zs-- +- Z, +kTrbsG. R2
R, R2
2 .2
2qIcZl
+ 2 (+ 1)( + + G
RLgm -
ZIL
The input noise is the noise observed at the output terminals referred
to the input by dividing the output noise by the amplifier gain. A plot of the
input noise, the MDS and all of its components are plotted below for a noise
bandwidth of 100 MHz, for the NE856 NPN device in a common emitter
amplifier configuration.
100 MIHz MDS & Its Components for the NE856
1 T_
100.OE-6
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S100.OE-9
10.OE-9
1.OE-9
100.OE-12
__ R1R2 noise i
---- - rb noise
-- Ib noise
---- Ic noise
-RI noise
MDS
I * Input Noise
1.OE-6 10.OE-6 100.OE-6 1.OE-3 10.OE-3 100.OE-3 1.OE+O
Collector Current (Amps)
Figure 2-2: MDS & its noise components versus collector current
From the above plot, it is evident that there are three regions of noise
performance, each dominated by a different noise contributor.
Region 1. At low currents, the MDS is dominated by collector current shot
noise.
Region 2. The noise floor is set by the base resistance, rb, and since rb varies
from transistor to transistor, hand selection may be necessary to
achieve optimum noise performance.
Region 3. At high currents, the base current noise dominates.
The load resistor thermal noise and base biasing resistors thermal noise
are well below the base resistance thermal noise and do not affect the noise
performance of the amplifier, as shall be discussed in Chapter three. An
asymptotic plot of the dominant noise components versus collector current
is shown below.
Asymptotic Noise Plot vs. Collector
Current
P"0
z0d
Collector Current (Amps)
Figure 2-3: Asymptotic plot of noise components vs. collector current
From this analysis, the optimum noise performance of this common
emitter amplifier is where the collector current shot noise and the base
current shot noise are much less than the base resistance thermal noise.
The input noise as calculated by HSPICE follows the MDS curve, thereby
confirming the equivalence of the MDS and input noise stated in Chapter
one.
Chapter 3
DESIGN PARAMETERS & THEIR EFFECTS
ON NOISE PERFORMANCE
3.1 Topology Discussion
There are three basic configurations
the common base, common collector
emitter. Since this design will have
common emitter amplifier was chosen
for a one-stage transistor amplifier:
(emitter follower) and the common
a voltage gain greater than 10, a
as is shown below.
Vout
Vin CE
Figure 3-1: Common emitter amplifier topology
3.2 Parameter Variation
The performance of a common emitter amplifier depends on many
parameters including the collector to emitter voltage VcE, the quiescent
value of the collector current Ic, the load resistor RL, and the input
resistance RIN of the amplifier. Using HSPICE, each of these parameters
was varied separately to determine each parameter's effect on the gain,
bandwidth, minimum detectable signal, the equivalent input noise and
noise figure of the circuit. In Appendix G, a comparison is made between
HSPICE and hand calculations of output noise.
Using HSPICE, a common emitter amplifier was designed with the
following specifications: Midband voltage gain = 40, 3-dB bandwidth = 100
MHz, and VCE = 1 V. A 3 V power supply was used, with the base biased at
1.6 V, and a quiescent output voltage of 2 V yielding 1 Vp, of voltage swing at
the output. With this as a reference design, the results of each parameter
variation is discussed in the following sections.
3.2.1 Ic Selection
To determine the optimum operating point of the collector current, the
collector current was varied from 10 [tA to 100 mA. The voltage gain at 100
MHz, 3-dB bandwidth, equivalent input noise and minimum detectable
signal are plotted versus collector current.
100 MHz Bandwidth Gain versus Collector Current
10.0E-6 100.0E-6 1.OE-3 10.OE-3
Collector Current (Amps)
100 MHz gain
100.0E-3
Figure 3-2: 100 MHz bandwidth gain versus collector current
3dB Bandwidth versus Collector Current
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Figure 3-3: 3-dB bandwidth versus collector current
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Figure 3-4: 100 MHz bandwidth input noise versus collector current
100 MHz Bandwidth Minimum Detectable
Signal versus Collector Current
100 MHz MDS
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Figure 3-5: MDS versus collector current for 100 MHz bandwidth
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The plots indicate that MDS and input noise decrease with increasing
collector current and the bandwidth increases with collector current. Since
this is a preamplifier, the gain only need be greater than 10, and this is true
for collector currents between 100 [A and 100 mA. Therefore, the collector
current can be chosen based on the other noise performance
characteristics. The effect of Ic on the input noise will be investigated in
more detail in Section 3.2.8.
3.2.2 RL Variations
The midband voltage gain of a common emitter amplifier is, AV, is -gmR,. It
can be rewritten as A, - RL and with the product IcRL defined as VRL,25mV
the DC voltage drop across the collector resistor. In the following plots, VRL
is 1 V, 4 V, 8 V and 16 V corresponding to voltage gains of 40, 160, 320 and
640, respectively.
100 MHz Bandwidth Gain versus
Collector Current for VRL = 1V, 4V, 8V & 16V
10.OE-6 100.0E-6 1.0E-3 10.0E-3
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Figure 3-6: Gain versus collector current for VRL =1V, 4 V, 8 V, & 16 V
3dB Bandwidth versus Collector Current
for VRL = 1V, 4V, 8V & 16V
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Figure 3-7: 3-dB bandwidth versus collector current for
VRL = 1 V, 4 V, 8 V, & 16 V
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Figure 3-8: 100 MHz input noise versus collector current for VRL = 1 V, 4 V, 8 V, & 16 V
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Figure 3-9: 100 MHz MDS versus collector current
for VRL =1 V, 4 V, 8 V, & 16 V
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As the plots indicate, VRL has its most significant effect on the gain of
the amplifier. Its effects of the MDS and input noise are negligible, while
the bandwidth varies inversely with the gain; indicating that there is a
finite gain bandwidth product.
3.2.3 Vc, Variations
The collector to emitter voltage, VCE, has no first order effect on the small
signal properties of the transistor but its second order effects are
characterized using HSPICE. Figures 3-10 and 3-11 indicate that the gain
and bandwidth increase with increasing collector current. The effects on
input noise and MDS are not obvious, so a further study is performed in
Section 3.2.7.
100 MHz Voltage Gain for
MEAU01o Vce = 2V, 4V, 8V, & 10V
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Figure 3-10: 100 MHz gain versus collector current for
VCE = 2 V, 4 V, 8 V, 10 V
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Figure 3-13: 100 MHz MDS versus collector current for
Vc, =2V, 4V, 8V, 10V
3.2.4 R, Variations
The input resistance to the amplifier depends on the base biasing resistors,
R1 and R2 and the base to emitter resistance, r,. However, if the base biasing
resistors are chosen to dominate the input resistance expression,
R, I R 2, Irr, then the input resistance can be set to 50 ohms that is typical of
most function generators and coaxial cable. The input resistance of this
amplifier was set to be 50 S at different bias currents and the results are
plotted below.
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Figure 3-14: 100 MHz gain versus collector current for RIN = 50 0 when
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Figure 3-15: 3-dB bandwidth versus collector current for RN = 50 Q when
Ic = 100 pA, 1 mA, 5 mA, 10 mA, 20 mA, 40 mA
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Figure 3-16: 100 MHz input noise versus collector current for RIN = 50 Q
when Ic = 100 pA, 1 mA, 5 mA, 10 mA, 20 mA, 40 mA
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Figure 3-17: 100 MHz MDS versus Collector Current for RN = 50 Q when
Ic = 100 pA, 1 mA, 5 mA, 10 mA, 20 mA, 40 mA
The input resistance has no effect on the gain of the amplifier, nor
does it noticeably affect the bandwidth and MDS of the circuit. The input
noise varies by a factor of 1.5 at the high and low extremes of the collector
current, however the desired noise performance can be obtained with the
proper choice of collector current.
3.2.5 Second Order Effects and Gain Stability
Changes in operating point temperature and transistor P were analyzed
also. The design is fairly temperature and P insensitive. These plots are
included in the Appendix C.
Also, in Appendix C are the results of a preliminary stability
analysis. Reducing the gain of the amplifier by adding emitter degeneration
reduced the sensitivity of the voltage gain to collector current. However, the
noise performance worsened. Therefore, to maximize the noise
performance, no gain stabilization circuitry was added to the amplifier.
3.2.6 Effects of Source Impedance
The source impedance of the circuit coupled to the amplifier can be
resistive, capacitive or a combination of the two. Using HSPICE, the source
impedance was set to be ideal, Zs = 0, resistive (Zs = 10, 50, 510 Q), and
capacitive (Zs = 1/jolOpF, 1/jwl000pF, 1/jw0.1pF). A practical use for low-
noise amplifiers is to amplify weak sensor outputs. Since most sensors have
impedances that have resistive and reactive components, an example was
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simulated with Zs = 50 +1/jcol000pF. These simulations were performed on
amplifiers with a lower 3-dB frequency between one and ten kilohertz and
with upper 3-dB bandwidths between 20 and 40 MHz.
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versus Source Impedance
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Figure 3-18: MDS versus various source impedances
The Zs1 data corresponds to an ideal voltage source (Zs = 0) and will be
used as a reference. From the MDS equation stated in Section 2.3, it is
evident that the MDS increases with source impedance. For cases Zs2, ZS
and ZS4, the source impedance is 10 Q, 50 Q2 and 510 Q respectively and from
the graph one can see that the MDS is increasing with the source
impedance.
For capacitive sources, which in this case are Zs5, ZS6 and Zs7, the
MDS decreases with increasing source capacitance since the source
impedance is inversely related to capacitance. The last case, Zss, is
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representative of a mixed source impedance. Again, the source is non-
ideal, so, as expected, its MDS is higher than that of the ideal source.
3.2.7 Constant Ic with VE Variations
In Section 3.2.3, a preliminary study of the effects of VCE were inconclusive
pertaining to the noise performance of the amplifier because too many
parameters were being varied simultaneously. In this section, all
parameters are held constant except VCE.
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Figure 3-19: VCE vs. Input Noise at Ic=18, 36 mA
From the above graph, it is evident that the input noise decreases
with decreasing VCE. Also, one can see that the higher collector current is
preferable, which agrees with figure 3-4.
3.2.8 Effects of Ic on Input Noise
As stated in Section 3.2.1, the input noise decreases with increasing
collector current. This effect is more pronounced in the following graph,
where the collector current was varied while VCE was fixed.
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Figure 3-20: Ic vs. Input Noise at VCE = 2 V, 4 V
3.3 Effects of Parameter Variation on Noise Figure
From the previous sections, the collector current had the most pronounced
effect on the performance of the amplifier. Also, the collector-to-emitter
voltage had a direct effect on the bandwidth of the amplifier. In this section,
the effects of these parameters on the noise figure of the amplifier will be
investigated.
3.3.1 Constant Ic with VCE Variations
Using HSPICE, the collector current was kept constant at 18 mA and 36
mA, allowing VCE to vary. This variation was done at two different supply
voltages: 12 V and 18 V. The noise figure was calculated based on the total
output noise voltage computed by HSPICE. The formula used was:
total output noise
20 loglo
gain * 50 ohm noise voltage
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Vcc = 12 V, 18 V
14-
12
10
8-
6
2
----- Ic=18mA, Vcc=12V
-N--Ic=36mA, Vcc=12VI
-- Ic=18mA, Vcc=18V:
-i Ic=36mA,Vcc=18V
Ilower 3-dB frequency: 1 - 10 kHz
upper 3-dB frequency: 30 -50 MHz
0
1.40 1.50 1.60 1.70 1.80 1.90 2.00
Noise Figure (dB)
Figure 3-21: VcE versus noise figure for constant collector current
From this graph it is evident that the noise figure decreases with
decreasing VCE. The supply voltage Vcc causes negligible variations in the
noise figure. Therefore, in the final design, VcC can be chosen with respect
to what power supplies are available.
3.3.2 Constant Vc with Ic Variations
The collector to emitter voltage VCE, was held constant while varying the
collector current. As in the previous section, this was performed at two
collector supply voltages: 18 V, and 12 V.
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Figure 3-22: Collector current versus noise figure for constant VCE
This graph shows that the noise figure varies inversely with the
collector current. The supply voltage Vcc, has no direct effect on the noise
figure.
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3.3.3 Noise Figure Dependence on Input Resistance
The parameter of interest now is the input resistance of the amplifier. The
previous VCE and Ic variations were generated by simulating amplifiers
with 50 0 input impedances. Now, the input resistance was set to 100 9 and
compared to a corresponding 50 Q system.
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Figure 3-23: Collector current versus noise figure for RIN = 50 0, 100 Q
According to the above graph, the input resistance of the amplifier
has a negligible effect on the noise figure. At this point, all parameters that
affect the noise performance of the amplifier have been identified. In the
next chapter, the HSPICE predictions and trends presented in this chapter
will be compared to actual lab results.
Chapter 4
LABORATORY TESTING
In this chapter, specific amplifiers will be designed and analyzed in detail.
Three circuits, with upper bandwidths of 6 MHz, 50 MHz, and 200 MHz;
and lower bandwidths, as calculated in Appendix C.3, between 1 - 10 kHz
will be presented. The succession of designs allows for the development of a
correlation between lab and theory and it allows for a correction of the
model, as it becomes more complex due to more pronounced parasitic
effects as higher bandwidths are achieved.
4.1 The 5-10 MHz Amplifier
The first amplifier was designed to have a bandwidth between five and ten
megahertz. The gain was loosely specified as at least 10. The open circuit
time constants, HSPICE, MATLAB and laboratory results are presented in
the following sections. The topology with all parameter values is:
9V
Vin pF
Figure 4-la: The 5-10 MHz amplifier topology
The layout of the actual circuit used is shown in Figure 4-lb.
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Figure 4-1b: Layout of the circuit implementation of the 5-10 MHz amplifier
4.1.1 Open Circuit Time Constant Analysis
A full derivation of bandwidth via the open circuit time constants for a
common emitter amplifier is given in the Appendix. The results for Vcc =
9V, and Ic = 1.6 mA are:
T3o = 2.2x10 -10s
To = 9.46x10-10s
Assuming, all other parasitic capacitances are negligible, the bandwidth of
this amplifier is 136 MHz. To decrease the bandwidth of the amplifier, a
dominant time constant of 31.3 ns was added. This was achieved by the
addition of a 20 pF capacitance at the output. With this additional
capacitance, this analysis predicted the desired lower f3db point of4.9 MHz.
4.1.2 HSPICE and MATLAB Predictions
This circuit's performance was predicted by HSPICE and for MDS,
MATLAB. The results are summarized in the table below:
Ic Gain I Bandwidth Input NoiseI MDS Noise Figure Rin
1.6 mA 99 6.5 MHz 2.8 RTV 2.4 RiV 2.26 dB 50 92
Table 4-1: HSPICE & MATLAB predictions for the 5-10 MHz amplifier
4.1.3 Lab Results
The 6 MHz amplifier was built and its performance was measured as
shown in Appendix H. The results are:
Ic Gain Bandwidth lInput Noisel Noise Figure Rin
1.75 mA 100 6.3 MHz 2.9 [LV 2.73 dB 50 2
Table 4-2: Lab results for the 5-10 MHz amplifier
The lab results are very similar to the HSPICE and MATLAB
predictions. The discrepancy in noise figure indicates that the transistor
selected does not have the same parameters as the HSPICE model. There
was no direct way to measure the MDS in the lab.
4.2 The 30-50 MHz Amplifier
The next amplifier that was built was to have a bandwidth in the 30 - 50
MHz range. Due to the higher bandwidth of this amplifier, the noise
measurements required more precaution. A low noise emitter-follower
stage was added to the original common emitter amplifier yielding the
following topology:
V:in
Figure 4-2a: The 30-50 MHz amplifier topology
The layout of the actual 30 - 50 MHz bandwidth amplifier is show in below.
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Figure 4-2b: Layout of the circuit implementation of the 30 - 50 MHz amplifier
4.2.1 Open Circuit Time Constants
The target bandwidth for this amplifier was between 30 and 50 MHz. Since
the load resistor needs to be large to have a significant gain, the output
resistance of the amplifier needed to be lowered to be able to drive a 50 Q
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measurement load. To achieve this, an emitter follower stage was added to
the circuit. The open circuit time constants for this two-stage circuit are:
o,, - 3.17x10-1os
zgo = 6.55x10-10 s
T~o2 = 2.49x10-1 s
tIo2 = 4.25x10-us
This predicts a bandwidth of 146 MHz. To reduce the bandwidth, a
dominant time constant of 4.6 ns was created by placing a 10 pF capacitor at
the collector of the common emitter amplifier, which caused a overall time
constant of 5.6 ns. This changed the predicted bandwidth to 28 MHz.
4.2.2. HSPICE and MATLAB Predictions
MATLAB and HSPICE predict this circuit to operate with the following
characteristics:
Ic Gain Bandwidth Input Noise Noise Figure Rin
21.5 mA 115146.7 MHz 4 RV 1.81 dB 50 Q
Table 4-3: Performance predictions for the 50 MHz amplifier.
4.2.3 Lab Results for the 30-50 MHz Bandwidth Amplifier
Ic Gain Bandwidth Input Noise Noise Figure Rin
23.5 mA 129130 MHz 5.1 IV 2.36 dB 50 _
Table 4-4: Performance of the 30-50 MHz amplifier in the lab.
The noise figure was 30% higher than predicted. This discrepancy
indicates that device selection may be necessary to attain optimum
performance, there may be errors in the HSPICE model, or ambient noise
may be contributing to the noise measurement.
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4.3 The 100-200 MHz Design
The design of an amplifier with 100 MHz to 200 MHz of bandwidth is
presented in this section. Since the bandwidth is high, more attention has
to be paid to rejecting outside disturbances. This crosses the boundaries of
this project therefore only the design was done with no laboratory testing.
The circuit with all of its component values is shown in Figure 4-3.
vin
Figure 4-3: The 200 MHz amplifier topology
4.3.1 Open Circuit Time Constants
In order to achieve this high bandwidth, the emitter follower stage is
crucial. The open circuit time constants for this amplifier are:
tol = 1.7 ns
Ro2 = 11.2 ps
Tro1 = 1.1
rTo2 = 25
Tol = 0.7
ns,
ps,
ns
4.3.2 HSPICE and MATLAB predictions
The performance predictions of the 200 MHz amplifier are summarized in
Table 4-5.
I c Gain Bandwidth Input Noise Noise Figure Rin
36 mA 75 173.3 MHz 6.4 [tV 1.56 dB 50 B
Table 4-5: Performance predictions for the 100-200 MHz amplifier.
4.4 Laboratory Confirmation
Observations in the lab confirmed the HSPICE and MATLAB trends for
noise figure stated previously. With the collector to emitter voltage
increasing and the collector current constant, the noise figure will
increase. Also, at a fixed collector to emitter voltage, the noise figure
increases with increasing collector current. The data is summarized as
follows:
Constant Ic
Ic (mA) !VCE (Volts) Gain BW (Hertz) NF (dB)
23.5E-3 3 115.5 30.OE+6 2.36
23.5E-3 5i  101 33.0E+6 2.54
23.5E-3 10 53.76' 43.8E+6 2.74
Constant VCE
Ic (mA) VCE (Volts)i Gain i BW (Hertz) NF (dB)
23.5E-3 51 1011 33.0E+6 2.54
16.5E-31 5 120 23.3E+6' 2.62
12.5E-31 5. 118' 15.OE+6 2.96
Table 4-6: Noise figure for Ic and VCE variations
Displaying this data graphically makes the trends easier to recognize
and allows for correlation to figures 3-19 and 3-20.
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Figure 4-4: Measured VCE and Ic versus noise figure for the 30-50 MHz amplifier
4.5 Discrepancy Analysis
The amplifiers were noisier than predicted by HSPICE & MATLAB. The
discrepancies may be due to a combination of the following sources: outside
interference, errors in measurement, and errors in the HSPICE/MATLAB
models. The HSPICE parameter values for the NE856 low noise bipolar
transistor were obtained from the manufacturer and were used in both
HSPICE and MATLAB simulations. The transistors used in the lab may
not have the parameters used in the model. It may be noisier than the
transistor used in the model, so hand selection will be necessary to find the
best transistor in a batch. Also, since metal film resistors were not
available, the carbon film resistors that were used may exhibit more than
just thermal noise.
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The amplifiers' performance were measured as shown in block
diagrams of Appendix H. There may be more accurate configurations or
better instrumentation for making these sensitive noise measurements.
Nevertheless, the changes in noise with component and/or operating point
changes were shown to be consistent with theory. Low-noise trade-offs
were, therefore, established.
A comparison of the laboratory measurements with HSPICE
calculations is shown in Figure 4-5. The laboratory measurement curves
have approximately the same slope as the HSPICE calculated curves,
suggesting that the discrepancy can be expressed as a linearly, e.g. m*NF
+ b. The slope of the discrepancy, m, is the difference between the slopes of
the HSPICE calculated curve and the curve of the laboratory measured data
points. The graph suggests that m should be small, however this was not
confirmed since there are not enough data points. The offset, b, is roughly
0.6 dB. Again, this is an estimate that should be confirmed with more
measurements.
To shield a circuit from ambient noise, it should be installed in a
Faraday cage. In this case, the cage was made of aluminum sheet metal
rather than a thicker aluminum or copper, which is a better conductor.
Although better shielding may have been possible, the tests still showed the
basic noise response characteristics.
Another possible factor is that the base biasing resistors generated
more noise than expected from theoretical analysis. Carbon film resistors
were used instead of metal film resistors, which have better noise
performance.
Comparison of HSPICE Results to Lab Results of
Ic and VcE Effects on Noise Figure
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4.6 Other Designs
The amplifiers presented thus far in this chapter have been optimized for 50
9 systems. However, if there was no cable impedance constraint placed on
the design of the amplifier, the noise performance can be improved further.
Minor changes were made to the 50 MHz and 200 MHz designs to yield the
following predictions.
I c Gain Bandwidth Input Noise Noise Figure Rin
36 mA 106 42.6 MHz 3.4 
~
tV 1.64 dB 25 Q
36 mA 110 140.3 MHz 4.9 [tV 1.4 dB 25 Q
Table 4-7: Enhanced performance predictions for the 30-50 MHz & 100-200 MHz
amplifiers.
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Chapter 5
CONCLUSIONS AND
RECOMMENDATIONS
The goal of this project was to examine the effects of design parameters on
the noise performance of a bipolar transistor amplifier. The noise
performance can be quantified by two factors: noise figure (NF) and
minimum detectable signal (MDS). The noise figure approach, is an older
more common unit of measure but it does not lend itself to predicting the
noise generators as does the MDS.
There are three noise generators in a transistor, exhibiting two types
of noise: thermal and shot noise. Shot noise is present in the base and
collector currents. Thermal noise is only present in the base resistance, rb,
since it is the only physical resistance in the hybrid-pi model. The other
resistances in the hybrid-pi model, r, and ro, don't contribute thermal
noise, since they are modeling resistors.
The minimum detectable signal along with its shot and thermal
noise components are plotted in Figure 2-2. At low currents, the MDS is
dominated by collector current shot noise. The minimum value of the MDS
is set by the rb thermal noise until at high currents when the base current
shot noise becomes the most significant noise component.
The two main parameters that influence the noise performance of an
amplifier are collector current and collector to emitter voltage. Noise figure
and input noise decrease as collector current increases, as indicated by
Figures 3-20 and 3-22. Figure 3-21 shows that the noise figure increases
with increasing collector to emitter voltage, as does figure 3-19 indicate the
same dependence on the input noise. These two pairs of graphs suggest
that there is a one-to-one correspondence between the noise figure, and the
input noise, which is equal to the minimum detectable signal.
In figure 3-12, it was difficult to see the effects of VCE on the input
noise. By plotting a subset of the same data on a linear scale, it is evident
that VCE varies directly with input noise, as stated in section 3.2.7. Also, the
relative influence of Ic is much greater than that of VCE. This result holds
for the MDS, but only the input noise is shown here, in Figure 5-1.
100 MHz Input Noise versus Collector Current for
Vce = 2V, 4V, 8V, 10V
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Figure 5-1: Comparison of Ic and VCE effects on input noise
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The effects of collector current and collector to emitter voltage on
noise performance were confirmed in the laboratory. While there was a
general correlation between HSPICE and MATLAB calculations as
compared to the laboratory results, the noise measurements were
consistently, noticeably higher.
There are a few possible sources of error between predicted and
observed performance. The actual transistor's parameters may be worse
than expected, and the circuit may require more shielding from ambient
noise. If the circuit is not adequately shielded from the ambient noise, this
could skew noise measurements. Different shielding techniques should be
tested to see which is the most appropriate in this case. Also, the
measurement techniques used here may give rise to erroneous data. Many
calculations, especially the noise figure, were performed based on the data
taken from lab using the configurations specified in Appendix H. A noise
figure meter should be used to better account for the actual input noise.
A future study should also be performed on the variance of transistor
parameters and their effects on noise performance. This was not taken into
consideration here but a preliminary temperature and current gain, P,
study was performed. The results, as shown in Appendix C, indicate that
the design is temperature and P insensitive. This conclusion is based solely
on HSPICE and MATLAB data and can be misleading without any data in
from the laboratory to confirm it.
In addition to transistor parameter sensitivity, the dependence of the
noise performance on the lower 3-dB frequency of the amplifier should
studied. This was not considered in this study however, the noise equations
derived in Appendix B suggests that decreasing the noise bandwidth will
decrease the MDS of the amplifier.
Appendix A
NOTATION
The Notation used in this document are governed by the these three rules:
1. External components, DC currents and DC voltages have upper-
case symbols with upper-case subscripts.
2. Hybrid-pi parameters are expressed by lower-case symbols with
lower-case subscripts.
3. Voltage gain, noise voltages and noise currents are expressed
with upper-case symbols with lowercase subscripts.
A, Amplifier voltage gain transfer function
P Transistor base-collector current gain
c, Hybrid-pi model base-collector capacitor in Farads
c, Hybrid-pi model base-emitter capacitor in Farads
Cs  Source capacitance in Farads
Eb Base resistance thermal noise in rms V/HzO.S
Eo Total output noise voltage in rms V/Hz0 .5
E,  Output noise voltage due to base resistance noise in rms V/Hzo5
Eorl Output noise voltage due to biasing resistance noise in rms V/Hzo5
Eor2  Output noise voltage due to biasing resistance noise in rms V/Hzo.S
Eorn Output noise voltage due to load resistance noise in rms V/Hzo.-
Eosb Output noise voltage due to base shot noise in rms A/Hzo.S
E,, Output noise voltage due to collector shot noise in rms A/Hzo5
Eb Base resistance thermal noise in rms V/Hzo.5
E, Base current shot noise in rms A/Hz0 5
E, Collector current noise in rms A/Hzo5
E,r Base biasing resistance thermal noise in rms V/Hzo5
Er2  Base biasing resistance thermal noise in rms V/Hzo 5
E, Load resistance thermal noise in rms V/Hzo.S
Ed, Minimum detectable signal in rms V/Hzo.5
Eth Thermal Noise source in rms V/Hzo.S
f Frequency in Hertz
fL Flicker noise corner frequency in Hertz
Af Noise power bandwidth in Hertz
I DC current in Amps
Ii DC current flowing through RB in Amps
I, DC operating point base current in Amps
Ic  DC operating point collector current in Amps
Ib  Base current shot noise source in rms A/Hz0 .5
I, Collector current shot noise source in A/HzO.5
Ish Shot noise source in A/Hz0.5
k Boltzman's constant, 1.38 x 10-23 J/K
NF Noise figure in decibels
q Electron charge, 1.6 x 10-19 C
R1  Base biasing resistor in Ohms
R2  Base biasing resistor in Ohms
RE Emitter degeneration resistor in Ohms
R, Load resistor in Ohms
rb Hybrid-pi model base resistance in Ohms
r, Hybrid-pi model base-emitter resistance in Ohms
ro  Hybrid-pi model base-emitter resistance in OhmsS/N Signal to noise ratio
T Operating temperature in Kelvin
VBE Transistor base-emitter on voltage in Volts
VCE Transistor collector-emitter voltage in Volts
V Voltage swing in Volts peak-to-peak
V , Voltage drop across R, in Volts
VT Room temperature thermal voltage, 0.025 V
Zs  Complex source impedance (2njfCs)"'
z, Hybrid-pi model base-emitter impedance rj(2xjfcj,r + 1)1
z, Hybrid-pi model base-collector impedance (2njfc,)-
Appendix B
NOISE EQUATIONS
Appendix B.1 Derivation of the small signal gain of
a transistor amplifier
Figure B-1: Hybrid-pi model for a common emitter amplifier
Above is the small signal hybrid-t model for a common emitter amplifier,
all complex impedances, parasitic elements and the series
source impedance.
LS = complex source impedance, = .R + j2tfC s
gm = Hybrid-n model transconductance in mhos
Rl,R 2 = Base biasing resistors
rb = Base contact resistance
r
Z, = base to emitter complex impedance =
j2%fC r + 1
1
Z, = base to collector complex impedance = j2nfC
RL = load resistors
1 1 1Gs = total parallel source impedance = - + - + -R1  R2 ZS
ro = small signal output resistance
The amplifier voltage gain is derived from the following three KCL
equations:
including
?L
r'D 1 • "B
1. -
ro I RL
Ux - v 0 -2. xVxV.+ -
rb
Zs
z
R2X
SR2
vo -v
- grnv +
mZ
Vz
bx - va
rb
Eliminating vx, and v, from the above equations yields:
- gm - z RL
A--
+RL
ro ) +1) + Gs RL (Gsr + 1) mz IrFt + --z + Gs
Note that for infinite z,, R 1, R2 & ro, zero Zs and rb, the above equation
reduces to Av = - gml.
Appendix B2 Derivation of the Minimum Detectable Signal
The small signal model for the amplifier including all noise sources is
shown below.
Figure B-2: Hybrid-pi model with noise sources
In order to calculate the minimum detectable input signal, the noise
contributed to the output of the amplifier will be calculated for each noise
source independently then the sum of all noise sources will be divided by the
voltage gain of the amplifier.
B.2.1 Base biasing resistors thermal noise
Eorl i ErAE rl = E -12 2 = AVZR, R1 R,
Eor2 =Er2AV Zs = Eor2 E 2 A 2  2 4 kT22or2 r2AVjj¢j
R2  R 2  R 2
where
T = Operating temperature in Kelvin
k = Boltzman's constant, 1.38 x 1023 J/K
B.2.2 Base resistance thermal noise
( 11G- gm - 1
SGrb+ 1) + G + + + (Gsrb + 1)+ Gs G A
z z ro+z z
E= EZ-G2Av = 4kTrbZ G2A.ob 'b b'S•••'S
B.2.3 Base current shot noise
(Gsrb L m( Gsrb + 1)R L | gm 1zZ J
1z(GSrb +al- (Gr 1) +Gs +
= AVZs(Gsrb + 1)Ib
Esb IbZ(Gsrb + 1)2A = 2qIBZ(Gsrb + 1)2A
where
I , = DC operating point current in amps
q = electron charge, 1.6 x10 -19 C
B.2.4 Collector current shot noise
+ 1)+ Gs
RL ( 1) 1 ]gm +-- (Grb + 1) Gsz z
E 2  2Z2
= here
where
+ (1+
2
+ GS(Gsrb + (1 1z+ - I
z)
9m --
zIA
R ÷ + (Gsrb + 1)
ro z z 3
= 2qIZ4
1(Gsrb + 1) z
I c = DC operating point collector current
Eosb = - fgiRL
z11
+1 (Gsrb + 1) + Gsz
+ Gs
1't
+zx
1
gm -
z
B.2.5 Load resistor thermal noise
+ 1) + Gs
Eo0 =
1 )(Gsr, + 1) + Gs
zxI A / \L - L
rR2L.,
B.2.6 Minimum detectable signal
The minimum detectable signal can be derived by adding all of the
aforementioned noise components and dividing by the square of the voltage
gain.
E,2= Ei2 +E r2 +Eb+b + Esc = AE2 E2E = Eorl + Eor  + Eob ++ E1 V A md
2 4kT 2
Emds - Zs +
R,
4kT Z + 4kTrbZsG s + 2qIBZ+(Gerb 1)2
R2 S
2qIcZ 1
gm -
4kT
+RL
RL
(Grb + 1)
1
gm ---
Z
(Gsrb + 1)I
(4kT Z2
RL
z )z V
1
m - t
Ii
IR ( +1 (Gs +1)+ Gs + 1+ R 1z zM + -I
Appendix C
SIMULATION ANALYSIS
Both HSPICE and MATLAB were used in order to analyze the performance
of the circuit. HSPICE was used to determine the input noise of the circuit
while MATLAB was used to calculate the minimum detectable signal and
its components.
To determine the operating point of the amplifier that maximizes
performance from a minimum detectable signal point of view, the
bandwidth and the gain of the amplifier were held constant. The collector
current was swept over a range from 10VlA to 100 mA and the equations
predicting the gain and resistor values for each bias point are presented
below.
C.1 Biasing
As a starting point, 1 V was dropped across the load resistor, the transistor,
1
and the emitter resistor. The resistor values can be found by RE = RL - I
For this configuration, the base will be biased at 1+VBE Volts. To minimize
the error caused bias Is, I, was set equal to I c . Assuming that VE is 0.6V
for this particular configuration, the voltage dropped across R, and R2 is
1.4V and 1.6V respectively. Therefore, the base biasing resistors are
governed by the following equations:
1.4
R1 - IC
1.6
C.2 Gain
For a common emitter amplifier, the voltage gain is the product of the
transconductance and the load resistor. This can be expressed as
, = gmRL = ICRL VRL
VT VT
where VRL is the voltage drop across the load resistor. For the previously
mentioned configuration where VRL is 1 V, the gain is 40.
C.3 Frequency Analysis (Short Circuit Time Constants)
The 3-dB bandwidth of the amplifier is determined by the load capacitor of
the transistor of the common emitter but the low frequency 3-dB point is
determined C, and CE. This frequency is set between 1 - 10 kHz by the
following equation
1 1
ft = +S2(R s + RIIR 2II(rb + r-))Cin 2n(REII ((RsIIR1IIR2) + r. + rb) CE
P+1
C.4 Second Order Effects
The performance of this amplifier was measured with respect to variations
in f, which ranges from 50 to 300 for the NE856 transistor, and temperature
variations. The results do not vary significantly.
C.4.1 B Variations
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Figure C-4: 100 MHz MDS versus collector current for I3 = 50, 200, 300
C.4.2 Temperature Variations
For a t100C temperature variation about room temperature, there is
negligible change in noise performance.
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Appendix D
HSPICE SIMULATIONS
D.1 NE856 HSPICE Model Parameters
spice name value spice name value
IS 6E-16 A MJE 0.33
BF 120 CJC 1.1 pF
NF 0.978 VJC 0.70 V
VAF 10.0 V MJC 0.55
IKF 0.080 A XCJC 0.3
ISE 32E-16 A CJS 0 F
NE 1.93 VJS 0.750 V
BR 12 MJS 0
NR 0.991 FC 0.5
VAR 3.90 V TF 10 ps
IKR 0.170 A XTF 6
ISC 0.0 A VTF 10
NC 2 ITF 0.2 A
RE 0.380 9 PTF 00
RB 4.16 Q TR 1 ns
RBM 3.6 __ EG 1.11 eV
IRB 1.96E-4 A XTB 0
RC 2.0 Q XTI 3
CJE 2.8 pF KF 0
VJE 1.3 V AF 1
Table D-1: HSPICE NE856 model parameters
D.2 HSPICE Input File
NE856 common emitter
.MODEL NE856 NPN
+ IS=6.0e-16
+ ISE=32e-16
+ IKR=0.170
BF=120.0
NE=1.93
ISC=0.0
NF=0.978
BR=12.0
NC=2.0
VAF=10.0
NR=0.991
RE=0.380
IKF=0.080
VAR=3.90
RB=4.16
+ RBM=3.60
+ MJE=0.50
+ CJS=0.0
+ XTF=6.0
+ EG=1.11
IRB=1.96e-4
CJC=1.10e-12
VJS=0.750
VTF=10.0
XTB=0.0
RC=2.0
VJC=0.70
MJS=0.0
ITF=0.2
XTI=3.0
CJE=2.80e-12
MJC=0.550
FC=0.50
PTF=0.0
KF=0.0
VJE=1.30
XCJC=0.30
TF=10.0e-12
TR= 1.0e-9
AF=1.0
vcc 5 0 9
vin 10 ac 1
rs120
cs 2 3 Cs
rl 5 3 R1
r2 30 R2
ql 4 3 6 ne856
re 6 0 Re
ce 6 0 100e-6
rl 4 5 R1
.op
.ac dec 10 1 4e9 DATA=bias
.DATA bias
R1
643.5E+3
321.7E+3
128.7E+3
64.3E+3
32.2E+3
12.9E+3
6.4E+3
3.2E+3
1.3E+3
643.5E+0
321.7E+0
128.7E+0
64.3E+0
.enddata
.noise v(4) vi
R2
139.1E+3
69.6E+3
27.8E+3
13.9E+3
7.OE+3
2.8E+3
1.4E+3
695.7E+0
278.3E+0
139.1E+0
69.6E+0
27.8E+0
13.9E+0
Re
100.0E+3
50.OE+3
20.OE+3
10.OE+3
5.0E+3
2.OE+3
1.OE+3
500.OE+0
200.OE+0
100.OE+0
50.0E+0
20.OE+0
10.OE+0
R1 Cs
400.OE+3 2.OE-9
200.OE+3 4.OE-9
80.OE+3 10.OE-9
40.OE+3 20.OE-9
20.OE+3 40.OE-9
8.OE+3 100.1E-9
4.OE+3 200.2E-9
2.OE+3 400.1E-9
800.OE+0 998.9E-9
400.OE+0 2.OE-6
200.OE+0 4.OE-6
80.OE+0 9.8E-6
40.OE+0 19.2E-6
in 10 DATA=bias
.options nomod nopage post
.measure ac vmax max v(4)
.measure ac f3db when v(4) = 'vmax*0.707' fall=1
.measure ac fl when v(4) = 'vmax*0.707' rise=1
.end
Appendix E
MATLAB SIMULATIONS
The following function was written for use in MATLAB to the calculate the
minimum detetectable signal and its components.
function out = cemds();
%calculates mds
ic = exp((-6:.1:0)*log(10));
%constants
q = 1.6e-19;
k = 1.38e-23;
T = 298;
vt = 25e-3;
% ne856 model
rb = 4.16;
tf= 10e-12;
cje = 2.8e-12;
beta=120;
is = 6e-16;
va = 10;
cmu0 = 1.le-12;
% small signal
ib = ic/beta;
gm = ic/vt;
rl = ic.^(-1);
re = ic.A(-1);
vbe = vt*log(ic/is);
rl = 5*(2-vbe).*ic.^(-1);
r2 = 5*(l+vbe).*ic.^(-1);
rpi = beta*gm.^(-1);
rs=O;
cs = (2*pi*1000*(rs+(rl.^(-1)+r2.^(-1)+(rb+rpi). ( - 1))). ^ ( - 1)). A(-1);
cpi = 2*cje+tf*gm;
cmu = cmuO/sqrt(1+.6/.4);
% noise components
rlr2n = 0;
rbn = 0;
ibn = 0;
icn = 0;
rln = 0;
noise_50 = 0;
% integration
fl = le3;
for f = exp((3.01:.01:7.8455)*log(10));
zs = (rs+(2*pi*j*f.*cs).A(-1));
zpi = rpi.*(2*pi*j*f.*cpi.*rpi+1).^(-1);
zmu = (2*pi*j*f.*cmu.^(-1));
gs = rl.A(-1)+r2.A(-1)+zs.A(-1);
bigterm = ((gs.*rb+1).*(zmu. ^ (-1)+zpi. ^ (-1))+gs).*(gm-zmu. ^ (-1)). ^ (-1);
%bigterm = ((gs.*rb+l).*(zpi.A(-1))+gs).*gm. A (- 1);
rlr2n = rlr2n + 4*k*T*(zs. A2).*(rl. A(-1)+r2.^(-1))*(f-fl);
rbn = rbn + 4*k*T.*rb.*(zs.A2).*gs.A2*(f-fl);
ibn = ibn + 2*q*ib.*(zs.^2).*(gs.*rb+1).A2*(f-fl);
icn = icn + 2*q*ic.*zs.A 2.*bigterm.A 2*(f-fl);
rln = rln + 4*k*T*(zs. A2).*rl. A(-).*(bigterm. A2)*(f-fl);
noise_50 = noise_50 + 4*k*T*50*(f-fl).*ic.*ic.^(-1);
fl=f;
end
noise_50_ohm = sqrt(abs(noise_50));
mds = sqrt(abs(rlr2n)+abs(rbn)+abs(ibn)+abs(icn)+abs(rln));
nf = 10*loglO((mds+noise_50_ohm).*(noise_50_ohm.^ (-1)));
%mds = sqrt(abs(rlr2n+rbn+ibn+icn+rln))
loglog(ic,sqrt(abs(rlr2n)),'-',ic,sqrt(abs(rbn)),'--',...
ic,sqrt(abs(ibn)), ':', ic,sqrt(abs(icn)), '-.',...
ic,sqrt(abs(rln)),'.',ic,mds,'*',spiceic,inoise,'o',...
ic,sqrt(abs(noise_50)),'+');
title('Minimum Detectable Signal for the ne856')
xlabel('Collector Current (Amps)')
ylabel('Minimum Detectable Signal (rms Volts)')
legend('R1R2 noise','rb noise', 'Ib noise', 'Icnoise', 'Ri noise', 'MDS',' HSPICE Input
noise','50 Ohm noise')
figure
rlr2noise = sqrt(abs(rlr2n));
rbnoise = sqrt(abs(rbn));
ibnoise = sqrt(abs(ibn));
icnoise = sqrt(abs(icn));
rlnoise = sqrt(abs(rln));
fid = fopen('/mit/magic/noise_data','w');
num=0;
fprintf(fid,'ic \tR1R2 noise \trb noise \tIb noise \tIc noise \tRI noise \tMDS \tNF \n');
for num=1:61,
fprintf(fid,'%d \t%d\t%d \td\t%d \t%dd \ t%d\n',ic(num), rlr2noise(nm),
rbnoise(num), ibnoise(num), icnoise(num), rlnoise(num), mds(num), nf(num));
end
Appendix F
OPEN CIRCUIT TIME CONSTANT
ANALYSIS (OCTC)
Appendix F.1 OCTC for a Common Emitter Amplifier
To find a lower bound for the 3-dB bandwidth of an amplifier, the method
open circuit time constants is used. The time constant associated with every
capacitor in the circuit is computed and the inverse of the sum of time
constants is the estimated 3-dB frequency.
This method of estimating a circuit's bandwidth is very powerful
because it allows the designer to see which circuit parameters influence the
bandwidth the most and also aids in "tuning" the bandwidth for a specific
range, as is done in this case. A common emitter amplifier's small signal
topology is
Vin
Figure F-1: Small signal model for the common emitter amplifier
To compute the individual time constant, the resistances "seen" by
each capacitor must be found. R 0o, the OCTC resistance seen by c., is
r. II (rb +(R1 I R2))
For c,, we have Ro = (r I RL)+(+gmRL)r I I rb +(R1 + R2)) as its
open circuit time constant resistance.
If a load capacitor, CL, is added to the circuit, it will see ro IRL. This
capacitor is usually added in order to reduce the bandwidth, by setting its
open circuit time constant much larger than the rest of the time constants.
1
The 3-dB frequency in Hertz, is given by , where To is the time
constant associated with each capacitor.
F.2 OCTC for a CE-CC Two-Stage Amplifier
A common-emitter-emitter-follower amplifier has the following small
signal model:
Vin
Figure F-2: Small signal model for the common emitter-common emitter follower
The open circuit resistances for this amplifier are:
R•o, = r11(rbl + (RrR2))
Ro, = (rollRLjIrr 2) +(1 + gmlRL)(r.l4(rb + (R11IR 2)))
Ro- r(rOIIRL)+ r 2 +rx2
1+ gm2 E2
Rlo2= ((RLI rol) + rb2)I1(r,2 + (P + 1)RE2)
Just as before, CL is added to set the bandwidth by introducing a dominant
pole. The resistance it sees, R,o is (RLI(r o)I(rb2 +(r, 2 + (+ )RE2)).
Appendix G
HSPICE NOISE MEASUREMENTS
COMPARISON
Analytical noise calculations were compared with HSPICE results using
the following impedance divider.
vout
CVin
Figure G-1: Noise measurement comparison circuit
The transfer function is out _Vin
12nQCj
1+1 1
2nQCf
The noise model of the circuit is
!out
Figure G-2: Noise model of noise measurement comparison circuit
__
The noise output voltage is E 2ut + E .
Assuming a noiseless voltage source, the output noise will be due to the
thermal noise of the resistors. If the capacitance is 1 RF and the noise
power bandwidth is 1 kHz, HSPICE reports a noise output voltage of 2.8679
nV, while hand calculations give 2.8676 nV. This is a 0.01% discrepancy;
henceforth, it is negligible.
Appendix H
BLOCK DIAGRAMS FOR NOISE
MEASUREMENTS
Appendix H.1 Bandwidth and Gain Measurements
All gain and bandwidth measurements done in the laboratory are described
in the block diagram:
- 50 Q2 BNC cable
Figure H-1: Block diagram of gain and bandwidth measurements
Appendix H.2 Noise Figure Measurements
The noise figure measurements were taken with a Booton" ac true rms
voltmeter in the following configuration:
- 50 Q BNC cable
Figure H-2: Output noise and noise figure measurement block diagram
Kronhite 30 MHz
function generator
50 Q source
Techtronix Digital
Oscilloscope
1 MQG impedance
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